The mechanism for low temperature electrical conduction in neutron transmutation doped (NTD) germanium is believed to be variable range hopping (VRH). The resistance, R, at temperature T should then follow R(T ) = R0 exp (T0/T ) p , for constant (or nearly constant) values of T0, R0 and p. NTD Ge is thought to have a "Coulomb gap" in the density of states; theories then generally predict p = 0.5. However, some theories suggest larger values, such as p = 0.55. So far, experimental results have failed to distinguish between these values of p. We show that it is nevertheless practical to make sufficiently accurate measurements to do so. We present measurements for several NTD Ge samples with different doping levels, and discuss the various possible sources of error.
The electronic transport mechanism in neutron transmutation doped (NTD) germanium [1] at low temperatures is believed to be variable range hopping (VRH), for which
is predicted, where R is the resistance at temperature T , and T0 and R0 depend on the doping and thermistor dimensions. At sufficiently low temperatures a Coulomb gap is expected to exist in the density of states. In this case, it is generally believed that p = 0.5 [2] . However, higher values of p have been predicted both numerically and analytically. Experimental results are therefore needed in order to determine the correct value for p. Power laws are hard to determine experimentally, and available measurements do not provide good evidence for any of the suggested values of p. In this paper we show that it Table 1 Sample properties. As is customary, T0 is quoted for fits fixing p = 0.5. The minimum temperature is the lowest temperature the thermistor is designed to be used at.
is nevertheless possible to make sufficiently accurate measurements to do so.
The measurements were made using a paramagnetic salt adiabatic demagnetisation refrigerator [3] . The main magnet is compensated to reduce the field at the sample to a level which should not affect the measurements. Sample resistances were measured either using a commercial resistance bridge or by voltage measurements using a differential amplifier. In the latter case, the voltage was measured as a function of current [3] . Absolute thermometry was provided by a germanium secondary standard thermometer.
Measured values of p (determined by fitting equa- tion 1 to the data) are shown in Table 1 for three samples.
We have considered and rejected various possible sources of error. The values do not appear to be the result of random errors since they are repeatable, and similar NTD types produce similar values for p. The use of two different read-out systems for measurements suggests the results are not an artefact of the read-out system (such as a non-linear response). Moreover, comparison of two samples measured simultaneously with the resistance bridge showed results incompatible with both samples having the same value for p. The samples had similar resistances (and the bridge was on the same resistance range); systematic errors in the bridge are thus unlikely to be the cause.
The measured values of p are not altered appreciably by omitting points at either end of the temperature range when fitting. In addition, similar values of p are obtained when fitting to sub-sets of the data (Fig. 1) . This suggests that we are measuring a true power law. A possible systematic error would appear if we used an incorrect value for the amplifier gain when analysing voltage measurements. However, Fig. 2 shows that a large error in gain is required to alter the results significantly, and then only for fits which include the lowest Fig. 3 . Fitted values of p using the same procedures as for the real data, for simulated noise-less data representing a thermistor with similar properties to sample F, but with p = 0.5. The lowest temperature in the range fitted over is varied as in Fig. 2 . Note that this thermometer is designed for operation at temperatures above 300 mK.
temperature points.
In equation 1, R is the resistance at zero bias. Due to self-heating and electric field effects [4] , the thermistor resistance will alter with bias current; we obtain R from voltage measurements by extrapolation of the low current data. Results from a simulation [5] (Fig. 3) show that differences between the measured and actual zero bias resistance should not cause a significant error in p.
In conclusion, we have shown that it is possible to determine p experimentally to sufficient accuracy to distinguish between different predicted values. We have considered and rejected various possible sources of error. The measured values appear to show a value which is different for different doping densities. Lack of space precludes a discussion of the theoretical implications 2 , other than to point out that the results are not in agreement with the standard prediction of p = 0.5.
